Planar photonic crystals have been used as the basis of many biological sensing devices. Here, the authors successfully demonstrated that the combination of the photonic crystal structures and a dielectric nanorod coating prepared by the glancing-angle deposition technique can lead to significant increases in the device sensitivity. By incorporating a TiO 2 nanorod coating onto the label-free photonic crystal biosensor structure, the surface area of the device is increased. The results for detection of polymer films and proteins indicate up to a 5.5 fold enhancement of detected adsorbed mass density.
I. INTRODUCTION
In this work, the unique properties of planar photonic crystals ͑PCs͒ and dielectric nanorod films are combined to achieve enhanced sensitivities in label-free biosensors.
The planar PCs consist of a low-refractive-index ͑RI͒ polymer substrate with a subwavelength periodic modulation on its surface, overcoated with a high-RI dielectric coating. The structures are designed to work as a narrow-band reflectance filter whose resonant wavelength is dependent on the RI of the surrounding medium. Therefore, the resonant wavelength changes upon surface adsorption of molecules and the PCs can be used as label-free biosensors.
The nanorod films used in this study are fabricated by the glancing-angle deposition ͑GLAD͒ technique. Grown under conditions of glancing incidence of vapor flux and limited mobility of adatoms, these highly porous films are composed of isolated nanorods with a diameter of about 30 nm and an adjacent gap of about 15 nm. The feature sizes of the nanorods are small enough to prevent any significant scattering loss when used in optical devices, but are enough for a variety of proteins and molecules to penetrate into the structure and utilize the extra binding surface area. These features, along with the ease of fabrication, make these nanorod films ideal for optical biosensor applications.
A. Guided-mode resonance filters based on planar photonic crystals
Since their discovery by Wood 1,2 in 1902, guided-mode resonance filters ͑GMRFs͒ based on one-dimensional ͑1D͒ and two-dimensional PCs have attracted much attention.
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Comprised of a subwavelength modulation in RI, such structures can produce complete exchange of energy between forward-and backward-propagating diffracted waves with smooth line shapes and arbitrarily low line widths. [33] [34] [35] [36] [37] and substrates for surface-enhanced Raman spectroscopy.
38 Figure 1͑a͒ shows a representative example of a 1D planar PC designed to support GMRs. The structure is composed of a linear grating ͑50% duty cycle͒ in a low-RI polymer ͑n substrate = 1.45͒, with a period ⌳ = 400 nm and a groove depth h = 100 nm. The grating is coated with a high-RI TiO 2 ͑n coating = 2.0͒ of thickness d 1 = 150 nm. Using rigorous coupled-wave analysis, 39 the calculated reflection spectra of the 1D structure in Fig. 1͑a͒ when illuminated with transverse electric ͑TE͒-polarized ͑electric field along x-axis͒ and transverse magnetic ͑TM͒-polarized ͑electric field along y-axis͒ white light at normal incidence ͑launch angle ␤ =0°͒ are shown in Fig. 1͑b͒ . The planar PC structures used in this study are fabricated with a cost-effective nanoreplica molding process. 40 Electron-beam lithography or photolithography were first used to define a negative image of the desired surface structure pattern, for example, a linear grating, onto a silicon ͑Si͒ master wafer ͓Fig. 2͑a͔͒. Then a thin layer of liquid ultraviolet ͑UV͒-curable polymer ͑UVCP͒ is squeezed between a flexible plastic substrate ͑typically polyethylene terephthalate͒ and the master wafer which acts as a molding tool ͓Fig. 2͑b͔͒. After the epoxy is cured with UV illumination ͓Fig. 2͑c͔͒, the plastic sheet with the sensor structure is peeled away from the Si wafer ͓Fig. 2͑d͔͒. A layer of titanium dioxide ͑TiO 2 ͒ with thickness d 1 is sputtered onto the sensor surface as the last step of sensor fabrication ͓Fig. 2͑e͔͒. The biosensors are cut from the plastic sheet and attached with adhesive to form the bottom surface of standard microtiter plates, 41 microfluidic channels, 42, 43 or the top surface of microscope glass slides. 37, 44, 45 Using this process, the desired device structure can be fabricated into very large areas efficiently and cost effectively.
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B. Glancing-angle deposition
The exploration of high-surface-area coatings for biosensor applications has been undertaken with great interest in recent years. [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] As the structure of a sensing film is changed from a nonstructured compact film ͓Fig. 3͑a͔͒ to a porous film ͓Fig. 3͑b͔͒, the surface area of the sensing film increases. 48 Because the response of a biosensor depends on the interaction of an analyte with an immobilized capture ligand on the sensor surface, increasing the surface area of the sensor improves the sensitivity through a higher density of the capture ligand. GLAD 57,58 is a physical vapor deposition technique that employs glancing-angle incidence to achieve porous thin films with very high surface area. In this technique, the angle between the incoming flux and the substrate is set to be typically less than 10°͓ in Fig. 4͑a͔͒ . A random growth fluctuation in the substrate produces shadowed regions that the subsequent incident vapor flux cannot reach. When the mobility of adatoms is limited, this self-shadowing effect during deposition results in a film with a structure composed of isolated vertical nanorods tilted toward the incoming flux ͓Fig. 4͑d͔͒. This technique has been used in various applications in optical and semiconductor devices. [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] 
II. EXPERIMENTS AND RESULTS

A. Sensor structure and nanorod film deposition
The cross section of the sensor structure is illustrated in Fig. 5͑a͒ . The sensor is composed of a 1D grating in UVCP ͑n UVCP = 1.475͒ with a period of 550 nm and a groove depth of 170 nm, coated with 80 nm of a high-RI layer of TiO 2 ͑n TiO 2 = 2.25͒ by sputtering. When the PC surface is immersed in water and is illuminated with TM polarized white light at normal incidence, the reflected spectrum consists of a sharp resonant peak with peak wavelength value ͑PWV͒ of 860 nm. Chemical and biomolecular materials deposited on the sensor surface result in a shift of the PWV to a longer wavelength and therefore the amount of molecules attached can be quantified.
Coating of a TiO 2 layer with nanorod structures by GLAD onto the sensor surface is performed in an electron-beam deposition system ͑Denton Vacuum͒ with a base pressure of 1.0ϫ 10 −6 torr and a deposition rate of 10 Å/s. The incoming flux is at a glancing-angle of = 3.0°from the sensor surface. The self-shadowing effect of the GLAD results in a nanorod structures uniformly coated on the sensor surface, as shown in the scanning electron microscope ͑SEM͒ photo of Fig. 5͑b͒ . The additional nanorod layer on the PC biosensor structure causes a positive shift of the measured PWV but it does not result in significant broadening or shortening of the resonant peak due to the small feature size of the nanorods ͓Fig. 5͑b͔͒.
The RI of the nanorod film, which is codeposited on a Si wafer positioned next to the sensor, is measured by a spectroscopic ellipsometer ͑Woollam͒ to be n = 1.45 at a wavelength of 860 nm, while the TiO 2 films deposited by evaporation in the same system at normal incidence have a RI of n = 2.25. Therefore, assuming that the nanorod film contains a mixture of TiO 2 and air, we estimate that the film is composed of a 65:35 mixture of air: TiO 2 , assuming a linear relation for a combination of two materials.
In order to make a rough estimate of the surface area available due to the nanorod film, a simplified physical model was constructed based on the ellipsometer measurements of film density. If we assume that the nanorod film of thickness t consists of equally spaced rods with the same diameter d, arranged in a square lattice with equal spacing of g between adjacent rods ͑Fig. 6͒, a film with a 65:35 air: TiO 2 ratio is obtained with a rod diameter of d ϳ 30 nm and a gap of g ϳ 15 nm. We expect that a gap of g ϳ 15 nm will allow permeation by a large variety of chemical and biologi- cal materials. The extra surface area provided by each rod is the area of its sidewall, which is dt. The ratio of total surface area of such a film with a thickness of t nm over that of a flat surface is then given by area factor = dt + ͑d + g͒ ϫ ͑d + g͒ ͑d + g͒ ϫ ͑d + g͒ = 1 + 30 45 2 ϫ t. ͑1͒
B. Poly"Phe, Lys… test
Sensitivity of the nanorod-coated sensors to surfaceadsorbed material was first characterized by the detection of a single-layer film of poly͑Phe, Lys͒ ͑PPL͒ ͓Sigma-Aldrich, molecular weight ͑MW͒ = 35 400 Da͔. PPL molecules adhere to TiO 2 surface by strong ionic bonds. In this experiment, the performance of three nanorod-coated PCs ͑with 60, 100, and 170 nm of nanorod͒ were compared with a reference PC.
Baseline PWVs were first established when all the sensors were soaked with buffer solution of 0.01M phosphatebuffered saline ͑PBS͒ ͑pH = 7.4͒ for about 80 min. After the buffer solution was removed, a PPL solution of 0.5 mg/ml in PBS buffer was applied to the sensors' surface for about 240 min, after which weakly bound or unbound molecules were eliminated by rinsing the sensors with PBS buffer. Figure  7͑a͒ compares the kinetic plots of each device, showing clearly that the binding kinetics of nanorod-coated sensors decrease as nanorod thickness increases. This indicates that as the nanorods get taller, it takes more time for molecules to diffuse into the porous structure and utilize the extra surface area. Figure 7͑b͒ shows the end point PWV shifts of all PC sensors as a function of nanorod thickness and a linear fit to the data given by PPL shift = 0.0467 ϫ t + 1.719. ͑2͒
Compared with the reference sensor, which has a PPL PWV shift of 1.729 nm, a sensor coated with 57 nm of nanorod has a PWV shift of 5.044 nm, which corresponds to an enhancement factor of 2.92ϫ. The PWV shift and enhancement factor of a 96-nm-nanorod-coated sensor are further increased to 6.202 nm and 3.59ϫ. Finally, with the tallest nanorod used in this experiment, 167 nm, the PC sensor has a PWV shift of 9.518 nm, representing a 5.50ϫ enhancement, compared to the reference sensor. Overall, the measured PWV shift follows a linear relation with the nanorod thickness, which suggests a surface area effect as described in Eq. ͑1͒.
C. Protein A-pig IgG assay
A bioassay that characterizes the affinity of pig immunoglobulin G ͑IgG͒ for protein A ͓Fig. 8͑a͔͒ is also performed to test the sensitivity of nanorod-coated sensors. Protein A is a cell wall component produced by several strains of staphylococcus aureus. 74 It consists of a single polypeptide chain and contains little or no carbohydrate. Protein A binds specifically to the Fc region of immunoglobulin molecules, especially IgG. It has four high-affinity ͑K a =10 8 / mole͒ binding sites that are capable of interacting with the Fc region of IgGs of several species ͑only two sites can bind at a time͒. In this experiment, pig IgG was chosen because it has a high affinity with protein A. A PC coated with 108 nm of nanorod was compared with a reference PC.
After establishing a baseline PWV with buffer solution of 0.01M PBS, protein A ͑46 700 Da, Pierce Biotechnology͒ prepared with 0.01M PBS to a concentration of 0.5 mg/ml was introduced into the sensor wells and allowed to incubate for 60 min. After that, weakly bound or unbound molecules were eliminated by a wash step of rinsing the sensors with PBS buffer. Pig IgG ͑150 000 Da, Sigma-Aldrich͒ serum diluted with 0.01M PBS to a concentration of 0.5 mg/ml was later applied onto the sensors' surface and allowed to incubate for 80 min, followed by a wash step. Figure 8͑b͒ shows the end point PWV shifts of the nanorod-coated and reference sensors for the protein A and pig IgG binding steps. A PWV shift of 1.82 nm was obtained from the nanorod-coated sensor due to the binding of protein A molecules, which is a 2.61ϫ enhancement when compared to the 0.697 nm PWV shift from the reference sensor. For the pig IgG binding step, the nanorod-coated sensor had 3.221 nm of shift ͑1.41ϫ͒ as compared to 2.287 nm on the reference sensor. This difference in enhancement indicates that the extent to which molecules could benefit from the extra surface area would depend on the size of the molecules. Assuming linear relations between the response of the sensor to these two kinds of molecules and the nanorod thickness, the following two equations can be established: protein A shift = 0.0104 ϫ t + 0.697, ͑3͒
IgG shift = 0.0086 ϫ t + 2.287. ͑4͒
Since the size of a protein A molecule is smaller than that of a pig IgG ͑46 700 Da versus 150 000 Da͒, the slope of Eq. ͑3͒ is larger than that of Eq. ͑4͒, suggesting a molecule size effect to the enhancement of sensor sensitivity due to the nanorod coating. This reduction of enhancement for attachment of IgG to the nanorod-coated sensor indicates that large globular molecules are not able to fully take advantage of all the available surface area. Figure 9 compares the SEM photos of a nanorod-coated PC functionalized with surface chemistry layers and before ͑a͒ and after ͑b͒ application of streptavidion ͑SA͒. It is evident that after loading with globular proteins of SA, much of the space between rods is filled.
III. CONCLUSION
In this study, nanorod structure prepared by the glancingangle deposition is used to enhance the surface area of the photonic crystal biosensors. Detection of PPL and protein A-pig IgG experiments indicate a sensitivity enhancement of the sensor structure by up to 5.5 fold. The intended purpose of the nanorod coating on the PC biosensor is not primarily for decreasing the detection limits of analytes at extremely low concentrations, where detection limits are often dependent on mass transfer of scarce molecules to the sensor surface rather than the availability of a greater density of capture ligand. Rather, a greater density of immobilized ligand is advantageous in the context of pharmaceutical high throughput screening for low molecular weight chemical compounds ͑MWϽ 500 Da͒ binding with immobilized proteins. In this application, one seeks to immobilize as large of a density of capture protein molecules as possible, where the protein, representing a critical element of a protein interaction pathway of a particular disease, is called the "target." In high throughput screening, drug discovery researchers seek to find chemical compounds that efficiently bind with the target by attaching the protein target to the biosensor surface using an appropriate surface functionalization method that results in the protein being attached to the biosensor by covalent bonds. A single chemical compound is exposed to the protein target at a concentration that is generally greater than the K d value of the protein-molecule interaction, so a majority of the available active protein molecules will capture a small molecule. Because the immobilized protein is large ͑MW Ͼ 50 000 Da͒, while the captured molecule is approximately 100 times smaller, the resulting PWV shift for the small molecule can be close to the ϳ0.5 pm resolution of the PC biosensor. Therefore, it is advantageous to provide as large of an immobilized protein density as possible in order to obtain greater PWV shifts for small molecule binders.
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